Plain Language Summary {#S0001}
======================

CD4+ T-cells are a crucial component of the immune response against tuberculosis (TB). Individuals with low CD4+ T-cell counts are at risk of TB infection and more likely to have severe forms of TB. We determined the prevalence and predictors of low CD4+ T-cell counts among HIV-negative TB patients at a national TB treatment centre in Uganda. We found that a quarter of HIV-negative TB patients in this setting have a low CD4+ T-cell count (less than 418 cells per mm^3^). Patients with anaemia, weight loss, and low CD8+ T-cell counts were more likely to have low CD4+ T-cell counts while those with high monocyte counts were less likely to have low CD4+ T-cell counts. The results indicate that HIV-negative TB patients with low CD4+ T-cell counts also have impairment in the function of other cells of the immune system and severe TB disease.

Background {#S0002}
==========

Globally, tuberculosis (TB) contributed 1.2 million deaths among HIV-negative individuals in 2018.[@CIT0001] The control of TB infection depends on intact innate and adaptive immune responses that are mainly effected by monocytes (as macrophages) and cluster of differentiation (CD) 4+ T-lymphocytes, respectively.[@CIT0002] CD4+ T-lymphocytes produce interferon gamma (IFNɣ) that contributes to the recruitment and activation of innate immune cells that ultimately clear TB infection by phagocytosis and autophagy.[@CIT0003],[@CIT0004] IFNɣ derived from CD4+ T-lymphocytes is particularly important for the control of mycobacterial burden, abating intracellular multiplication of *Mycobacterium tuberculosis* (Mtb), preventing dissemination from pulmonary infection and promoting long-term survival of the infected host.[@CIT0005],[@CIT0006]

Among HIV-positive individuals, it has been unequivocally demonstrated that CD4+ T-lymphocytopenia increases the risk for TB infection and mortality among TB/HIV co-infected individuals.[@CIT0007],[@CIT0008] Although lower CD4+ T-lymphocyte counts are reported among HIV-negative TB patients than controls, the prevalence and predictors of the CD4+ T-lymphocytopenia are not well characterised.[@CIT0009],[@CIT0010] The few studies that have evaluated the prevalence of CD4+ T-lymphocytopenia among HIV-negative TB patients report it to be 14.4--83%.[@CIT0011]--[@CIT0014] However, these studies are limited by the heterogeneity of the study population whereby participants without bacteriological confirmation of TB were included. Further, predictors of CD4+ T-lymphocytopenia among HIV-negative TB patients are not widely reported. We aimed to determine the prevalence and predictors of CD4+ T-lymphocytopenia among HIV-negative bacteriologically confirmed TB patients at a national tuberculosis treatment centre in Uganda.

Patients and Methods {#S0003}
====================

Study Measurements {#S0003-S2001}
------------------

We analysed data from a cross-sectional study that enrolled adult bacteriologically confirmed TB patients at the National Tuberculosis Treatment Centre (NTTC) in Uganda between August 2017 and March 2018.[@CIT0015] Demographic data, clinical symptoms and signs, full hemogram parameters, CD4+ and CD8+ T-lymphocyte counts were extracted from the master dataset. A full description of methods employed in determination of these variables is provided elsewhere.[@CIT0015] CD4+ and CD8+ T-lymphocyte counts were determined by flow cytometry using a flow cytometer (BD FACSCalibur™). We defined CD4+ T-lymphocytopenia as a CD4+ count of \<418 cells/mm^3^ considering a normal range estimate of 418--2105 cells/mm^3^ for Ugandans.[@CIT0016] Full hemogram parameters were determined by a hemoanalyser (Sysmex^®^ Automated haematology analyser XN series -- XN 1000) at Mulago Hospital Haematology laboratory. The HIV status was determined by immunochromatographic rapid tests according to the Uganda national HIV testing guidelines.[@CIT0017]

Study Setting and Population {#S0003-S2002}
----------------------------

The NTTC is a unit of Mulago National Referral Hospital and is a tertiary referral centre for diagnosis and treatment of drug susceptible and drug resistant TB. The centre is located in Kampala city, the capital city of Uganda, and treats 25% of the country's TB cases. In this analysis, we included bacteriologically confirmed adult (≥18 years) TB patients who were HIV negative and had a CD4+ T-lymphocyte count result. There were no exclusion criteria. In the primary study, participants were consecutively sampled from the outpatient and inpatient facilities of the NTTC until the desired sample size was obtained.[@CIT0015]

Statistical Analysis and Sample Size Estimation {#S0003-S2003}
-----------------------------------------------

Considering a prevalence of CD4+ T-lymphocytopenia of 14.4%[@CIT0013] reported in Senegal, a sample size of at least 211 is sufficient to determine the prevalence of CD4+ T-lymphocytopenia at the 95% confidence interval (CI) and a possible 10% occurrence of missing data. Data were analysed using STATA 15.1 (StataCorp, College Station, TX, USA). Categorical data were summarised as frequencies and percentages while continuous variables were summarised as means with the corresponding standard deviations (SD). The prevalence of CD4+ T-lymphocytopenia was calculated as a proportion of participants with a CD4+ count of \<418 cells/mm^3^ to the total number of study participants. To determine factors that are independently associated with CD4+ T-lymphocytopenia, we performed bi-variable logistic regression analysis and fitted factors that had a p≤ 0.2 into a multivariable logistic regression model. A p ≤ 0.05 was considered statistically significant considering a 95% CI. Missing data on monocyte counts were imputed using multiple imputations with chained equations (MICE) using age, gender and platelet count, with 30 imputations. Since modelling involved haematological parameters, multi-collinearity would be expected. Prior to fitting statistical models, we checked for multi-collinearity between covariates to determine if there existed substantial correlation (Pearson's correlation coefficient \> 0.3). The haematocrit, mean corpuscular haemoglobin (MCH), and red cell count were highly correlated with the haemoglobin level and adding them in the adjusted model induced multi-collinearity. Thus, these were dropped from the final model in favour of the haemoglobin level.

Ethical Approvals and Consent to Participate {#S0003-S2004}
--------------------------------------------

Study participants provided written informed consent prior to study enrolment. The study was approved by the School of Medicine Research and Ethics Committee of Makerere University College of Health Sciences (REC REF 2017--087).

Results {#S0004}
=======

The analysis was performed on 216 HIV-negative adult patients with bacteriologically confirmed TB.

Baseline Characteristics of Study Participants {#S0004-S2001}
----------------------------------------------

The mean age (±SD) of the study participants was 32.54 (±12.08) years and 146 (67.6%) were males. Other baseline characteristics are shown in [Table 1](#T0001){ref-type="table"}. The frequencies of the parameters of the full hemogram, CD8+ and CD4/CD8 ratio of the study participants are shown in [Table 2](#T0002){ref-type="table"}.Table 1Baseline Characteristics of Study ParticipantsBaseline Characteristicn (%)Education level None12 (5.6) Primary school64 (29.6) Secondary school98 (45.4) Tertiary42 (19.4)Residence Urban149 (69.0) Rural67 (31.0)Alcohol use105 (48.4)Cigarette smoking63 (29.2)Symptoms Cough213 (98.6) Weight loss170 (78.7) Night sweats145 (67.1) Fever134 (62.0) Chills89 (41.2) Anorexia61 (28.2)Number of symptoms \<482 (38.0) ≥4134 (62.0)Symptoms duration days (mean (± SD)) Cough92.23 (± 116.54) Fever32.53 (± 45.55) Night sweats78.15 (± 497.43) Anorexia29.15 (± 36.79) Weight loss44.34 (± 46.75)Body mass index (kilograms per metres^2^), mean (± SD)18.78 (±2.84)Rifampicin resistant tuberculosis15 (11.5)[^1] Table 2Haematological and Immunological Characteristics of the Study ParticipantsCharacteristics^a^\<Lower Limit of Normal n (%)Normal n (%)\>Upper Limit of Normal n (%)White blood cell count (n=212)1 (0.5)125 (59.0)86 (40.5)Red blood cell count (n= 213)12 (5.6)183 (85.9)18 (8.5)Hemoglobin (n=213)51 (23.9)161 (75.6)1 (0.5)Hematocrit (n=213)37 (17.4)161 (75.6)15 (7.0)Mean corpuscular volume (n=213)58 (27.2)147 (69.0)8 (3.8)Mean corpuscular hemoglobin (n=213)59 (27.7)152 (71.4)2 (0.9)Mean corpuscular hemoglobin concentration (n=213)129 (60.6)29 (13.6)55 (25.8)Platelet count (n=212)5 (2.4)107 (50.5)100 (47.2)Mean platelet volume (n=209)1 (0.5)157 (75.1)51 (24.4)Neutrophil count (n=155)1 (0.7)50 (32.3)104 (67.1)Lymphocyte count (n=155)53 (34.2)102 (65.8)0(0.0)Monocyte count (n=155)4 (2.6)75 (48.4)76 (49.0)Eosinophil count (n=155)40 (25.8)115 (74.2)0 (0.0)Basophil count (n=155)1 (0.7)149 (96.1)5 (3.2)CD8 count^2^ (n=216)59 (27.3)156 (72.2)1(0.5)CD4/CD8 ratio^b^11 (5.1%)203(94.0)2 (0.9)[^2]

Prevalence of CD4+ T-Lymphocytopenia Among HIV-Negative TB Patients {#S0004-S2002}
-------------------------------------------------------------------

The prevalence of CD4+ T-lymphocytopenia was 25% (54/216) (95% CI: 19.6% - 31.2%). For the entire study population, the mean (±SD) CD4+, CD8+ T-cell counts and CD4+/CD8+ ratio were 636.62 (±304.91) cells/mm^3^, 429.88 (±264.74) cells/mm^3^ and 1.77 (±0.89) respectively.

Predictors of CD4+ T-Lymphocytopenia Among HIV-Negative Pulmonary TB Patients {#S0004-S2003}
-----------------------------------------------------------------------------

At multivariable logistic regression analysis, HIV-negative TB patients with anaemia (adjusted odds ratio (aOR): 3.83, 95% CI: 1.59--9.23, p = 0.003), weight loss (aOR: 3.61, 95% CI: 1.07--12.23, p = 0.039) and a low CD8+ T-cell count (aOR: 6.10, 95% CI: 2.68--13.89, p \< 0.001) were more likely to have CD4+ T-lymphocytopenia while those with monocytosis (aOR: 0.35, 95% CI: 0.14--0.89, p = 0.028) were less likely to have CD4+ T-lymphocytopenia. The multivariable logistic regression model is shown in [Table 3](#T0003){ref-type="table"}.Table 3Predictors of CD4+ T-Lymphocytopenia Among HIV-Negative TB PatientsCharacteristicsCrude Odds RatioAdjusted Odds RatiocOR (95% CI)p-valueaOR (95% CI)p-valueSex Male11 Female0.58 (0.29--1.18)0.1330.72 (0.29--1.77)0.475Age (years)1.02 (0.99--1.04)0.1521.01 (0.98--1.04)0.479BMI ≥18.511 \<18.52.05 (1.08--3.90)0.0291.09 (0.47--2.51)0.848Anorexia No11 Yes1.74 (0.90--3.35)0.0991.72 (0.75--3.93)0.202Weight loss No11 Yes4.38 (1.49--12.85)0.0073.61 (1.07--12.23)0.039^†^Hemoglobin (g/dl)^a^ \<10.83.59 (1.82--7.08)\<0.0013.83 (1.59--9.23)0.003^†^ Normal11 \>17.1----Platelet count (cells/µL)^a^ \<106,0001.49 (0.24--9.37)0.6680.85 (0.08--9.61)0.899 Normal11 \>384,0000.49 (0.26--0.95)0.0340.47 (0.20--1.07)0.073Monocyte count (cells/µL)^a^ \<2000.67 (0.07--6.04)0.7221.04 (0.10--10.85)0.976 Normal11 \>7000.46 (0.23--0.92)0.0280.35 (0.14--0.89)0.028^†^CD8+ Count^b^ \<2566.74 (3.41--13.33)\<0.0016.10 (2.68--13.89)\<0.001^†^ Normal11 \>1619----[^3][^4]

Discussion {#S0005}
==========

In this study, we evaluated the prevalence and predictors of CD4+ T-lymphocytopenia among HIV-negative TB patients at a national tuberculosis treatment centre in Uganda. We found a high prevalence of CD4+ T-lymphocytopenia of 25%. Patients with anaemia, weight loss and low CD8+ T-cell counts were more likely to have CD4+ T-lymphocytopenia while those with monocytosis were less likely to have CD4+ T-lymphocytopenia.

The high prevalence of CD4+ T-lymphocytopenia indicates that a high proportion of HIV-negative TB patients in this setting may have impaired immune responses to *Mtb* infection. The consequences are higher rates of disseminated disease, absence of smear positivity and characteristic imaging findings that could delay diagnosis and superimposed opportunistic infections, all of which could potentially influence treatment outcomes.[@CIT0013] CD4+ T-lymphocytopenia among patients with tuberculosis could be explained by homing of T- lymphocytes in peripheral blood to heavily infected sites in the lung parenchyma and lung vasculature.[@CIT0018] It follows that response to TB treatment would correlate with improvement of the CD4+ T-lymphocyte counts in peripheral blood. Resolution of CD4+ T-lymphocytopenia upon treatment of TB has been reported.[@CIT0009],[@CIT0012] This suggests that TB is the cause of the T-lymphocytopenia as opposed to the CD4+ T-lymphocytopenia being a risk factor for TB. On the contrary, Zonios et al have shown that an idiopathic form of CD4+ T-lymphocytopenia is a risk factor for mycobacterial infections through a prospective study design.[@CIT0019] The cross-sectional nature of our study does not establish whether CD4+ T-lymphocytopenia was caused by TB or was a risk factor for TB among HIV-negative individuals in our study population.

CD4+ T-lymphocytopenia was associated with low CD8+ T-lymphocyte counts which would otherwise have enhanced TB immune responses.[@CIT0020] CD4+ T-lymphocytes are required for proliferation of CD8+ T-lymphocytes that modulate cytotoxic effects on Mtb infected macrophages and participate in memory immune responses against TB.[@CIT0021]--[@CIT0023] Interestingly, the majority of the participants had a normal CD4/CD8 ratio, although the clinical utility of the CD4/CD8 ratio is not well established among HIV-negative TB patients. One meta-analysis indicates that the CD4/CD8 ratio in peripheral blood is significantly decreased among newly diagnosed patients with TB, although the bronchoalveolar CD4/CD8 ratio was increased on the contrary.[@CIT0027]

The central role of the CD4+ T-lymphocytes in Mtb immune responses is further supported by our finding of lower odds of CD4+ T-lymphocytopenia among patients with monocytosis. Mtb-specific-CD4+ Th1 cell responses induce monocytosis by production of IFN-γ or tumour necrotic factor alpha (TNF-α) that recruits monocytes/macrophages to effect TB phagocytosis.[@CIT0024],[@CIT0025] Further, there is cell to cell communication between CD4+ T-lymphocytes and monocytes that could influence the cytokine repertoire for TB containment.[@CIT0026] Therefore, CD4+ T-lymphocytopenia could be indicative of global impairment of cell-mediated immune responses against TB.

We also found that anaemia and weight loss were independently associated with CD4+ T-lymphocytopenia. Anaemia and weight loss are prognostic of delayed sputum conversion and mortality in TB disease and the association with CD4+ T-lymphocytopenia may be indicative of severe TB disease.[@CIT0028]--[@CIT0031] Therefore, CD4+ T-lymphocytopenia is likely to have prognostic importance even among HIV-negative TB patients.[@CIT0032] In support of this, baseline levels of some subsets of CD4+ T-lymphocytes have been shown to predict TB culture conversion.[@CIT0033] Weight loss in tuberculosis is mediated by appetite mediators, leptin and ghrelin, whose levels correlate with CD4+ T-lymphocyte-derived IFN-γ.[@CIT0034] Our observed association of weight loss and anaemia with CD4+ T-lymphocytopenia may be consequent to malnutrition observed among patients with longstanding infections.[@CIT0035],[@CIT0036] This is a plausible explanation in our study population whose symptoms had lasted over 90 days.

Skogmar et al also found a prevalence of CD4+ T-lymphocytopenia of 25% and 10% among HIV-negative TB patients when considering a cut off of CD4+ count of \<500 cells/mm^3^ and 350 cells/mm^3^ respectively in Ethiopia.[@CIT0012] In contrast, Mhmoud et al found the proportion of HIV-negative TB patients with severe CD4+ T-lymphocytopenia (CD4+ count \<300 cells/mm^3^) to be 83% in Sudan.[@CIT0014] Notably, these studies included participants without bacteriological confirmation of TB and different cut offs of the CD4+ count are employed. Dissimilar results can thus be expected.

Other studies have found CD4+ T-lymphocytopenia to be associated with extensive TB disease, low serum albumin level, low BMI, low haematocrit, smear positive TB, wasting and being bed ridden.[@CIT0011],[@CIT0012],[@CIT0037] These studies also invariably included patients without bacteriological confirmation of TB. Nonetheless, similar to Jones et al (1997), we found a low BMI to be significantly associated with CD4+ T-lymphocytopenia at bivariable logistic regression analysis.[@CIT0011] Also, since the haematocrit correlates with the haemoglobin levels,[@CIT0038] our association of CD4+ T-lymphocytopenia with anaemia is similar to the association of a low haematocrit with CD4+ T-lymphocytopenia reported by Jones et al. Moreover, the haematocrit demonstrated a high correlation with the haemoglobin levels in our study participants (Pearson's correlation co-efficient of 0.803) hence its exclusion in the final logistic regression model in favour of the haemoglobin level.

One of the study limitations was missing data on the monocyte counts that necessitated imputation of missing data. We also did not evaluate the qualitative function of the CD4 T-lymphocytes to further characterise the immune responses among HIV-negative patients with CD4+ T-lymphocytopenia. Lastly, there might have been a referral bias of TB patients with severe disease as our study population was drawn from a national referral facility thus affecting generalizability of study findings. Nevertheless, the strength of our study lies in its utilisation of a homogenous population of bacteriologically confirmed TB cases.

Conclusion {#S0006}
==========

The prevalence of CD4+ T-lymphocytopenia was high among HIV-negative TB patients. HIV-negative TB patients with weight loss, anaemia and a low CD8+ T-cell count were more likely to have CD4+ T-lymphocytopenia while those with monocytosis were less likely to have CD4+ T-lymphocytopenia. These findings suggest that HIV-negative TB patients with CD4+ T-lymphocytopenia have severe TB disease and immune dysfunction. We recommend further evaluation of the prognostic value CD4+ T-lymphocytopenia among HIV-negative TB patients.

Data Sharing Statement {#S0007}
======================

Datasets generated and/or analysed during this study are available from the corresponding author upon reasonable request.

Disclosure {#S0008}
==========
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[^1]: **Abbreviation:** SD, standard deviation.

[^2]: **Notes:** ^a^Full hemogram ranges are for adult Ugandans.[@CIT0039] bNormal ranges are for adult Ugandans.[@CIT0016]

[^3]: **Notes:** ^a^Normal ranges are for adult Ugandans.[@CIT0039] bNormal ranges are for adult Ugandans.[@CIT0016] †Statistically significant.

[^4]: **Abbreviations:** LLN, lower limit of normal; ULN, upper limit of normal; BMI, body mass index; cOR, crude odds ratio; aOR, adjusted odds ratio.
